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Transition metal impurities in Ge: Chemical trends and codoping studied
by electronic structure calculations
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Ab initio electronic structure calculations within density functional theory have been performed to study the
structural, electronic, and magnetic properties of transition metal impurities into a Ge matrix. We examine
impurities of single isolated transition metal (TM) over the 3d series (TM=V,Cr,Mn,Fe,Co,Ni), occupying
the substitutional and interstitial sites and interpret the electronic and magnetic properties in terms of a simple
analysis based on atomic orbitals and electron filling. We show that Mn is indeed the most promising TM
dopant to make Ge suitable for spintronic applications since it would grant ferromagnetic alignment, rather
high local magnetic moment and hole doping. Then, we study the tendency of the most interesting TM
impurities to cluster in the Ge matrix and investigate the case of (Mn,Co) and (Mn,Cr) codoping in Ge, both
experimentally achieved. Analyzing the structural, electronic, and magnetic properties and giving insights
regarding the expected solubility and the properties of the alloys, we find that while Mn impurities show a
tendency to cluster, the presence of Co and overall Cr could favor a more uniform TM impurity distribution.
However, both Co and Cr result to be far less efficient than Mn in promoting ferromagnetic alignment and high

magnetic moment.
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I. INTRODUCTION

Great interest has been recently devoted to magnetic
semiconductors based on III-V compounds where ferromag-
netic coupling arises thanks to incorporation of magnetic im-
purities, mainly Mn, into the semiconductor matrix. In these
systems, in fact, substitutional Mn on the cation sites pro-
vides at the same time an efficient hole doping and a local-
ized magnetic moment which couples ferromagnetically with
those in the other impurity sites, thanks to a carrier mediated
mechanism.' Systems such as GaMnAs, InMnAs,
GaMnSb, have in fact received much attention and were
thoroughly investigated.*~’

Despite their relevance in present device technology, only
very recently the scientific community has been paying at-
tention to transition-metal (TM) doped group IV semicon-
ductors (mainly Si, Ge) and to possible digital alloys based
on these compounds. Ferromagnetic (FM) properties up to
=110 K have been reported for MBE-grown MnGe,? along
with magnetoresistance phenomena below room tempera-
ture, which were partly attributed to Mn,Ge,, ferromagnetic
clusters rather than to isolated Mn impurities in the zinc-
blende Ge host.” Recently, a report supported this finding
fixing the Curie temperature of the dilute magnetic semicon-
ductor (DMS) at 112 K.'” Moreover, ferromagnetism at 7,
=285 K (Ref. 11) was reported in highly Mn-doped (up to
6%) Ge single crystals obtained by solid solutions, as deter-
mined from temperature dependent magnetization and resis-
tance measurements. A later investigation!> on the same
samples showed that the magnetism in Mn,Ge,_, could be,
however, due to Mn-rich phase separated regions of the ma-
terial. Finally, Mn ion-implanted Ge matrix'? investigated by
means of Kerr effect, showed a magnetic cycle with a coer-
cive field of about 3000 Oe and hysteresis appearing just
below room temperature.
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From the theoretical point of view, the electronic and
magnetic properties of Mn,Ge,_, were investigated by first-
principles full-potential linearized augmented plane wave
(FLAPW) calculations'# as a function of the Mn positions in
a large supercell. The exchange interaction between Mn ions
was found to follow a Ruderman-Kittel-Kasuya-Yoshida
(RKKY) behavior as a function of their distance, the esti-
mated Curie temperature'* ranging from 134 K up to 400 K,
in good agreement with experiments.®!!

In previous works'>!'® some of us investigated Mn impu-
rities in a Ge and Si host matrix at different concentrations
and studied the electronic, structural, and magnetic proper-
ties of these systems as a function of Mn concentration, with
substitutional Mn isotropically diluted in the host compound.
Irrespective of the Mn content, we found that the Ge-based
systems are very close to half-metallicity and that the effects
brought about by Mn impurities have a local character.

Most of the interest on Ge-based possible DMS has been
so far limited to doping with Mn or to few other TMs:'7 an
extended and systematic study of TM impurities, available
for several III-V compounds'3-2° but lacking at present for
Ge, may help the comprehension of the physical mechanisms
determining the magnetic ordering temperature and possibly
guide the discovery of even more promising compounds.
This paper, therefore, focuses on the extension of first-
principles calculations to single impurities of the entire
3d-transition metal series in Ge, and study in detail the en-
ergetics of the system, as well as its structural, electronic,
and magnetic properties as a function of the different TM
atom considered. Due to the delicate balance between struc-
tural and magnetic properties, the resulting theoretical de-
scription can be affected by the nature of the electron
exchange-correlation potential employed within density
functional theory. For this reason, we also address the prob-
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lem of the exchange-correlation parametrization (LSDA ver-
sus GGA) in reproducing and predicting the magnetic prop-
erties of these systems, as well as the non-negligible effects
of structural relaxation on the final properties of the diluted
compounds.

A promising route to enhance the magnetic properties and
possibly help solubility has been recently suggested: experi-
mental results demonstrated the possibility of codoping with
(Mn, Co) (Ref. 21) and (Mn, Cr) (Ref. 22) impurities in Ge.
As the detailed mechanisms governing the codoping of TM’s
in Ge are still unknown, we also investigate these cases in
order to assess whether codoping could make the ferromag-
netic coupling stronger or favor incorporation of Mn into the
Ge matrix, possibly leading to higher Mn concentrations in
the host matrix. To this end, we study the pairing energy for
(Mn, Mn), (Co, Co), and (Cr, Cr) on the most favored sub-
stitutional sites and compare with those calculated for (Mn,
Co) and (Cr, Mn). Our calculations demonstrate that while
Mn and Co show strong tendencies towards clustering, Cr
does not. Moreover, addition of Co and overall Cr to Mn-
doping would oppose to this tendency, thus resulting in a
more uniform TM distribution. However, in agreement with
experimental findings, both Co and Cr are shown to depress
the magnetic properties of substitutional Mn in Ge.

The paper is organized as follows: in Sec. II, we report
structural and computational details. In Sec. III, we discuss
results regarding the energetics and the structural, electronic,
and magnetic properties of a single TM impurity into the Ge
matrix, while in Sec. IV we discuss the effect of codoping.
Finally, in Sec. V, we draw our conclusions.

II. STRUCTURAL AND COMPUTATIONAL DETAILS

The calculations were performed using the VASP
package®>?* within local spin-density approximation (LSDA)
as well as generalized gradient approximations (GGA)>-2¢ to
density functional theory. PAW pseudopotentials®’ were used
for both Ge and TM atoms, with semicore 3p and 3s states
kept in the core shell. The kinetic energy cutoff used for the
wave functions was fixed at 230 eV.

We considered low TM concentrations (<6.25%) corre-
sponding to unit cells containing 32 (64) atoms for the fer-
romagnetic [antiferromagnetic (AFM) and codoped struc-
tures] at the experimental Ge lattice constant (a=5.636 A),
well reproduced within LDA (within 0.1%) and less accu-
rately within GGA (a=5.776 A). AFM calculations were
performed on the larger cells, with the impurity atoms at the
largest distance compatible with the chosen cell (i.e., a\3).
The irreducible wedge of the Brillouin zone was sampled
with several different shells: good convergency was obtained
with the (8,8,8) and (4,4,4) shell for the 32 and 64 atom cells,
respectively, within the Monkhorst-Pack scheme.?® The TM
atom was considered to occupy the substitutional site (i.e.,
one of the diamond lattice sites) and the interstitial site of the
diamond lattice tetrahedrally coordinated. The other possible
interstitial site (the one with hexagonal symmetry) was not
considered since experimental evidences obtained in similar
systems showed that the former site is always favored.?®-3
Due to the local density underestimate of the Ge band gap,
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FIG. 1. (Color online) Heat of formation (upper panel) and
nearest-neighbor distance (bottom panel) for the substitutional
(circles) and interstitial (squares) TM defect in Ge as a function of
the TM atomic species. The horizontal dashed line in the bottom
panel indicates the ideal Ge-Ge nearest-neighbor distance.

only neutral states were considered in this work for the im-
purity and this is of course expected to affect the final results,
as we will discuss later; however, as shown in other works
(see, for example, Refs. 18 and 31) the neutral defect seems
to be the lowest possible state for Mn in Ge (Refs. 31 and
32) as well as for several TM impurities in GaAs.'3

III. ISOLATED SINGLE DOPANTS
A. Energetics and structural properties

All the results presented in this work are obtained within
GGA and differences and similarities with LSDA, where rel-
evant, are discussed. In Fig. 1 we report the formation energy
calculated within GGA for the different TM sites considered
within the Ge host matrix. The formation energy is calcu-
lated as the energy difference between the total energies of
the cell with and without the defect (E4; and E,y, respec-
tively) considering the chemical potential of the TM atom
(ury) taken from a metallic reservoir, and the number of
substituted Ge atoms, n®'®'=1,0 for the substitutional and
interstitial site, respectively,

AH;=Eyos— Eig — pory + 1™ e (1)

The choice of the reservoir that provides the atomic spe-
cies needed to form the defect is unfortunately a very deli-
cate issue: the corresponding elemental solids or any com-
pound formed from the considered elements could be a good
choice, depending on which one is the most stable at the
defined thermodynamical conditions. However, since we are
interested in trends and considering the wide variety of
TM-Ge compounds that could be stabilized at the thermody-
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namical conditions fixed by the growth parameters, we take
as chemical potential the value obtained for the correspond-
ing elemental most stable structure of each TM: nonmagnetic
bee 'V, antiferromagnetic bee Cr, antiferromagnetic fcc Mn,
ferromagnetic bce Fe, ferromagnetic hcp Co, and, finally,
ferromagnetic fcc Ni.

From the results reported in Fig. 1 [panel (a)] we see that
the substitutional is favored over the interstitial site for all
TM of the 3d series. However, the heat of formation keeps
being rather large as in other DMS, (of the order of a few
eV/atom) for all the species considered, showing that rather
low dilution is expected for all the impurities considered.
Our results are in fair agreement with previous
calculations®'32 on Mn in Ge, taking into account the differ-
ent Ge lattice parameter considered. In addition, the trend of
the heats of formation for both substitutional and interstitial
sites as a function of the TM atomic species is very similar:
it decreases as the 3d shell becomes more and more occu-
pied.

In Fig. 1 [panel (b)] we report the TM-Ge distance for
both the interstitial and substitutional sites. The substitutional
site always results in a bond length contraction with respect
to the ideal Ge-Ge distance; at the same time the interstitial
site seems to produce larger bond lengths. In this respect, it
is useful to mention that LDA calculations find the same
trends in bond length as GGA, their values differing of less
than 2% for all the TM considered: thus, the TM-Ge bond-
length contraction found is not an artifact of GGA which
gives a larger Ge lattice parameter than experiment. Similar
GGA calculations performed at the Ge GGA-lattice constant
still give a TM-Ge bond length reduced by about 2%-3%
with respect to the ideal Ge-Ge distance. At variance with
experimental results'?!3% claiming that Mn incorporation in
Ge results in a dilation of the Ge host lattice, we find a
Mn-Ge bond length smaller than the ideal Ge lattice, in good
agreement with previous first-principles calculations.'® It
could be argued that local density systematically underesti-
mates bond lengths in magnetic materials* due to the poor
treatment of the correlation in localized d states: if correla-
tions are included within the LDA+U framework (the stan-
dard value U=3.0 eV (Ref. 16 was used) we found that the
calculated bond length is 2.42 A, slightly larger than the bare
GGA value (2.38 A) but still not exceeding the Ge-Ge equi-
librium distance. This finding establishes that while local
density may undererstimate by less than 3% the Mn-Ge dis-
tances, the calculated bond lengths do not indicate any Ge-
lattice expansion. The observed increased Mn,Ge,_, lattice
constant reported in the literature agrees with similar find-
ings for other systems [Mn in GaAs and InAs (Ref. 35-37)]:
this could possibly suggest that (ii) theory is not well de-
scribing the structural properties of the system, or (ii) that
Mn occupies interstitial sites or other different positions, or
(iii) Mn tends to cluster, thus strongly modifying the host
matrix. This issue is still open and requires further theoretical
and experimental investigations.

Our results indicate that the heat of formation of a substi-
tutional Mn impurity in the Ge host matrix is higher (by
about 1 eV) than the corresponding one for Co; moreover,
while the heat of formation of Co in the substitutional site is
much lower than in the interstitial site (by about 1.4 eV), for
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Mn this energy difference is quite smaller (about 1.0 eV).
Therefore, while Co is expected to occupy more likely sub-
stitutional rather than interstitial sites (the ratio between the
substitutional and interstitial population can be taken as ex-
ponentially dependent on the formation energy difference),
the same tendency would be strongly reduced for Mn. It is
then possible to speculate that Mn would be filling interstitial
sites more likely than Co: if this is the case, favored substi-
tutional Co might adjust the strain induced by interstitial Mn.
This is however a point which will be discussed in more
details later in Sec. I'V.

The deformation brought about by the impurity presence
fastly decreases away the impurity: in fact, it is already quite
small at the second-neighbor shell. We find that the substitu-
tional site induces a deformation of the order of 1%—2% on
the second-neighbor shell as well, while the disturbances due
to the interstitial site presence are less than 0.5% (not
shown). The stability of a defect is in part related to the
deformation it produces in the host lattice: while the substi-
tutional site always results in a larger deformation, it is, nev-
ertheless, the most stable site. As a matter of fact, if we only
consider the deformation contribution, we find that the elas-
tic energy gain is larger for the interstitial than for the sub-
stitutional site (about twice as much). Thus, the total energy
gain that favors the substitutional site all over the 3d TM
series considered is related to a large gain in bonding energy
that overcomes the loss in strain energy.

It has been argued®' that the preference for the substitu-
tional site in Ge is related to the rather low vacancy forma-
tion energy in this material with respect to Si, where Mn is
preferentially interstitial. Now, the difference between the
interstitial and substitutional formation energy is independent
on the chemical potential of the bulk TM atom and should be
related to the energy required to create a vacancy in Ge: our
results show that this quantity is rather constant over the
entire TM series considered; however, the deviations for V
and Co (as large as 0.5 eV), show that there is a non-
negligible contribution coming from the different bonds es-
tablished by each TM atom in the substitutional and intersti-
tial position.

B. Properties of TM atoms at substitutional sites
1. Electronic properties

In order to better understand the electronic properties of
TM impurities in Ge, it is useful to briefly recall an elemen-
tary model, based on simple electron-filling criteria. The
electrons which come into play are those belonging to the p
states of Ge and to the d and s states of the TM atom, that is
from 7 up to 12 electrons for V to Ni. Cubic symmetry splits
the fivefold degenerate TM d states into a threefold (#,) and
a twofold (e) degenerate states. The bond between TM and
Ge in cubic symmetry is determined by linear combinations
of t, derived states from the TM and the p states of Ge,
having t, symmetry as well. The d derived e states do not
participate to the bonding due to symmetry rules, and there-
fore form nonbonding states well localized in energy and
space. We can represent schematically the levels as shown in
Fig. 2 for the first atom of the series, vanadium. Moving
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FIG. 2. Simplified schematization of the relative position of the
t, energy level derived from p, and d states and the e nonbonding
states. The filling shown is the one relative to the vanadium case;
filling for the other TM considered can be obtained simply adding
the correct number of valence electrons.

along the series, the atomic d level becomes more and more
deep in energy as it gets more and more occupied; moreover
the exchange interaction favors parallel spin alignment up to
half-filling. If we now go on and start filling up the levels as
sketched in Fig. 2 we would expect magnetic states for V, Cr,
and Mn, respectively: in particular we find that the highest
occupied states are the e up states for V and Cr while it is a
majority 7, p-derived state for Mn, the minority e state being
higher in energy and unoccupied. As we now overcome half-
filling of the TM-d shell, we find Fe with its e minority level
quite close to the Ge valence band maximum (VBM): the
minority e states are now at lower energy than the antibond-
ing 1, states, so that it becomes more energetically favored to
fill in the e down states rather than the antibonding #,-p
derived states. The filling of the e minority levels results in
an equal number of majority and minority occupied states,
thus driving the system into a nonmagnetic semiconducting
state. Moving to Co and Ni, that is further increasing the
d-band filling, the situation is kept almost unchanged from
the magnetic point of view. The Fermi level enters the anti-
bonding 7, states and, since the nonbonding e levels (both
majority and minority components) are now completely
filled, there is no energy gain in keeping the system spin
polarized. Ni impurities are, in fact, nonmagnetic while Co
results in a slightly ferromagnetic state due to a Stoner insta-
bility linked to a high density of states at the Fermi level
(Ep).

This rather simple picture is very well confirmed by the
total and the atom-site projected density of states (DOS) for
the TM atom, reported in Figs. 3 and 4, respectively. Figure
3 shows how a bare rigid-band approach would not take
properly describe the modifications brought about by adding
one extra electron to each system to simulate the next TM-
atom in the series: the features of the DOS are modified
along the series due to the exchange interaction and the hy-
bridization with the Ge-p states. The symmetry-resolved TM
[=2 contribution to the total density of states plotted in Fig.
4, shows how the energy distance between majority and mi-
nority e states, related to exchange interaction, increases
from V to Mn and then rapidly decreases as soon as half-
filling of the d band is completed (from Fe to Ni), reaching
its maximum in Mn, where the e majority states are at ener-
gies very close to the bonding combination of #,-like states.
We find states within the semiconductor band gap (see Fig.
3) in the case of Mn, Co, and Ni, corresponding to the anti-
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FIG. 3. Total density of states of the TM Ge,_, system for all
the transition metal species considered (TM=V, Cr, Mn, Fe, Co,
and Ni). Positive (negative) values refer to up (down) spin compo-
nent. The zero of the energy scale is set at the Fermi level.

bonding combination of p-d states. p-d hybridization effects
are enhanced in the present calculation due to errors of GGA
in describing the exchange-correlation interaction for local-
ized states (such as the TM d states); however, we notice that
this kind of error has been shown not to dramatically affect
the magnetic properties of the materials in GaAs,'®3® Si and
Ge;'%% we therefore limit our investigation to GGA approxi-
mation without introducing empirical U values.

Partial Density of States (states/eV-atom)
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FIG. 4. [=2 contribution to the site projected density of states
resolved into e- and 7,-like components (dashed and solid lines,
respectively) on the substitutional TM atom for all the transition
metal species considered (V, Cr, Mn, Fe, Co, and Ni). Positive
(negative) values refer to up (down) spin component. The zero of
the energy scale is set at the Fermi level.
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TABLE 1. Total and TM magnetic moment (in up, within a
muffin-tin radius R=1.27 A) calculated within LSDA and GGA as a
function of the TM impurity considered.

LSDA GGA
TM impurity

Substitutionals Total ™ Total ™
v 1.49 1.38 1.36 1.34

Cr 2.00 2.27 2.00 2.28

Mn 3.00 2.78 3.0 2.95

Fe 0.00 0.00 0.00 0.00

Co 0.00 0.00 0.80 0.46

Ni 0.00 0.00 0.00 0.00

Interstitials

\" 1.76 1.18 3.40 2.17

Cr 443 3.17 4.35 3.31

Mn 3.22 2.83 3.20 2.95

Fe 2.11 1.93 2.05 1.98

Co 1.03 0.89 0.02 0.05

Ni 0.00 0.00 0.00 0.00

The contribution to the density of states related to p states
(not shown) of Ge nearest neighbors of the TM impurity is
very similar to that found for Mn in Ge:'>!® the larger hy-
bridization between TM-d and Ge-p derived states occurs at
lower binding energies (from —1 to —3 eV) and generally
shifts towards lower energies as we move from V to Mn
along the series, thus following the energy position of the
TM t, states.

2. Magnetic properties

The magnetic properties of substitutional TM impurities
in Ge can be easily inferred from their electronic properties
as far as the main trends are concerned. In fact, as we already
discussed, we expect stable magnetic states with magnetic
moments equals to 1, 2, and 3 up for V, Cr, and Mn, respec-
tively. This is, indeed, what we find as shown in Table I and
in Fig. 5, where the calculated magnetic moments (total and
on the TM atom) within GGA calculations are reported. First
of all, we notice that there is not a large difference between
LSDA and spin-polarized GGA results as far as the magni-
tude of the magnetic moments are concerned; the most strik-
ing difference occurs for Co impurity which is found to be
nonmagnetic within LDA, while it is FM with about 0.5ug
within GGA. This is essentially due to a sligthly larger lo-
calization of the antibonding #, states, which brings the ma-
jority component partially below the Fermi level.

However, in order to deeper understand the magnetic
properties of these compounds, a more detailed study is
needed. This concerns, in particular, the stabilization of an-
tiferromagnetic versus ferromagnetic alignment in V and Cr
impurities, both exhibiting e states as the highest occupied
states (see Fig. 2). For these two TMs, in fact, we find, that
the AFM state is energetically favored over the FM one by
=30 and only 3 meV/TM atom for V and Cr, respectively.
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FIG. 5. (Color online) Magnetic moment on the TM impurity,
calculated within the muffin-tin radius R=1.27 A, for all the TMs
atoms.

This can be understood if we observe (cf. Fig. 2 and Fig. 4)
that these are the only two cases in which the e states are
those closest to the Fermi level. These states are rather nar-
row in energy and quite spatially localized since symmetry
forbids any hybridization with p-derived states. However, e
states interact with other e states at different TM sites, result-
ing in the small broadening observed in their density of
states (Fig. 4). Therefore, we can understand what is happen-
ing on the basis of a Hubbard-type picture: we have highly
localized states with a very narrow band width, leading to a
ground state of the system antiferromagnetic and insulating,
since this minimizes the exchange interaction. In the case of
vanadium we cannot have an insulator since the states we are
considering are the double degenerate e, only partially filled;
therefore, we will still have an antiferromagnet but with a
metallic behavior. Possible Jahn-Teller distortion might be
considered, however, it is reasonable to assume that this ef-
fect is rather small. Similar results were found for TM im-
purities in GaAs (Ref. 18) by means of analogous calcula-
tions: in GaAs we have one more electron (three valence
electrons from As) to accomodate. Therefore a stable AFM
ground state would be expected for V (analogous to Cr in
Ge, with the e states as highest fully occupied states), not for
Cr (which would correspond to Mn in Ge with magnetic
moment close to 3up), and for Fe which is beyond half-
filling of the d shell and whose e minority levels are below
the hybrid #, down states.

The magnetic moment induced on the Ge site which is
closest to the TM impurity is always very small (not larger
than —0.025) and negative: this is already well known in Ge
as well as in GaAs and other DMS systems and is related to
the p-d hybridization and the antiferromagnetic coupling be-
tween localized magnetic moment and semiconducting
holes.*

An interesting speculation can be done on the basis of our
results to infer the behavior of the magnetic properties as a
function of TM concentration: as observed in Ref. 41, a more
careful investigation requires considering the d-d interaction
among TM states, especially when the impurities are close to
each other. If the d-d interaction is taken into account, the
d-derived t, and e states are further split into bonding-
antibonding levels. While this interaction is not changing
dramatically the state filling of V, Cr, and Mn—since the 7,
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bonding states are filled anyway and the antibonding ones for
the minority component are empty at quite higher energy—
this mechanism may change the filling of the e derived states
when they are close to Ey. In fact, when these states are the
highest occupied ones, as in the case of Fe, the splitting of
the minority e states, could make the system FM with a net
magnetic moment, bringing the bonding mixture at lower
energy. In fact, Fe in Ge is shown!” to be FM with =2u
when, at x=3.125%, the Fe atoms occupy nearest neighbor
sites of the Ge lattice, and nonmagnetic otherwise. On the
other hand, Fe in Ge always shows a FM ground state at x
=6.25%."

A last interesting comment concerns the properties of the
carriers eventually introduced upon TM doping in Ge. The
density of states in Fig. 3 shows that the lowest unoccupied
states are of the kind e for V, and ¢, for Mn, Co and Ni, while
we will not expect, within GGA, any carrier doping effect
related to substitutions with Cr, and Fe, both showing a semi-
conducting behavior. From this picture, it is clear that the
most promising magnetic dopant in Ge is Mn with its high
magnetic moment and nominally 2 spin-polarized holes in
the delocalized r, majority states.

C. Properties of TM atoms at interstitial sites
1. Electronic properties

As we discussed above, the interstitial sites are always
less favored than substitutional sites; however, incorporation
of TM impurities in interstitial sites has been experimentally
demonstrated in GaAs and in several other semiconductor
compounds, thanks to kinetic processes and to the formation
energy which is not so different between substitutional and
interstitial sites for several TM elements. Therefore, it is im-
portant to ascertain what is the role played by these defects
on the electronic and magnetic properties of the system.

To this end, we report in Fig. 6 the total density of states
as well as those projected on the representative / components
of the TM impurities. The situation for TM impurities at
interstitial sites is rather different from the substitutionals
just discussed: still keeping a 7,; symmetry, this site is empty
in the perfect Ge matrix and has no p states from the nearby
Ge pointing towards it. As a result, the TM d states do not
mix, or at least interact very weakly, with the ¢, states of Ge:
the density of states projected on the /=1 component of the
nearest neighbor Ge site (not shown) shows that the p states
are filled and at lower energy than those induced by the TM
impurity, essentially localized close to the Fermi level.
Therefore, in order to construct a simplified atomiclike pic-
ture in analogy with what done for the substitutional site, we
must consider only the TM d electrons (the Ge states are
essentially filled and at lower energies) and the crystal-field
split #, and e states.

The reduced hybridization between TM d and Ge p states
stems from the lower density of states at binding energies
less than 3 eV. Close to Ey, we can distinguish a small den-
sity of states which mimics the shape of the dominant 3d
states. As we move along the TM series from V to Mn, we
find the 7, and e features moving towards higher binding
energies for the majority states; the minority states follow the
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FIG. 6. [=2 contribution to the site projected density of states
resolved into e- and 1,-like components (dashed and solid lines,
respectively) on the interstitial TM atom for all the transition metal
species considered (V, Cr, Mn, Fe, Co, and Ni). Positive (negative)
values refer to up (down) spin component. The zero of the energy
scale is set at the Fermi level.

same trend separated by the exchange splitting which is ap-
proximately the same for e and ¢, states. The Fermi level cuts
the e states in vanadium resulting in a possibly unstable
state: the ground state for this system could be the +1
charged state, while Cr is rather stable due to the complete
filling of the majority e states leading to a rather large mag-
netic moment. In Mn the atomiclike minority ¢, states keep
filling up, and the Fermi level is at the edge of a narrow and
high peak: for this TM as well, the neutral state may not be
the ground state. In fact, previous calculations performed*
on a similar group IV material, i.e., Si, showed that the
charged Q=+2 state is lower in energy. Moreover, the same
considerations done for Mn in GaAs (Ref. 18) would hold in
this case, since the electrons from the host are not playing
any role in this context. The case of Fe, Co, and Ni follows
as a trivial consequence of mere band filling: a rigid band
picture would describe the main features except for the ex-
change interaction which vanishes as we approach complete
filling of the atomic d shell in Ni.

2. Magnetic properties

On the basis of the electronic properties just discussed it
is immediate to infer the magnetic properties of each TM
impurity: we therefore go back to the atomiclike crystal-field
split 7, and e levels, further split by the exchange interaction.
Recalling that the number of valence electrons increases
from 5 up to 10 going from V to Ni, we have that simple
electron counting would predict a magnetic moment of 5, 4,
and 3 wp for V, Cr, and Mn, respectively; while, for the more
than half-filled cases, we should get 2, 1, and 0 wp for Fe,
Co, and Ni, respectively. We note that these predictions com-
pare quite well with the GGA calculated results reported in

035212-6



TRANSITION-METAL IMPURITIES IN Ge:...

PHYSICAL REVIEW B 73, 035212 (2006)

TABLE II. Energetic, structural, and magnetic properties of two TM impurities in substitutional sites

in Ge.
AH, Agiruct Apir dvinGe  drv-Ge MM ™ Mot
(eV/cell) (eV/cell) (eV/cell) (A) (A) (up) (up) (up)
Cr-Cr AFM 4.30 +0.04 +0.06 2.40 2.44 -2.44 0.00
Mn-Mn FM 3.20 0.20 -0.13 2.36 2.98 2.98 6.02
Co-Co FM 1.84 0.35 -0.13 2.25 0.00 0.00 0.00
Mn-Cr AFM 3.72 -0.11 -0.06 2.35 243 2.64 -2.76 -0.48
Mn-Co FM 2.55 -0.16 -0.10 2.40 2.23 3.08 0.20 3.47

Fig. 5 (squares), except for V and Cr where hybridization of
the f,-like states causes a partial filling of the f-minority
component. The comparison between LDA and GGA calcu-
lated values (cf. Table I) is particularly interesting for V and
Cr, where the more effective localization of the d states
within GGA brings the e states just at the Fermi level, thus
strongly enhancing the density of states at the Fermi level
and hindering its possible stability. This mechanism gives
rise to a rather high magnetic moment which is of the order
of the one estimated from the simple atomic considerations
given above. To the high total magnetic moment partially
contribute the Ge states and the charge in the interstitial re-
gions. As we observed in discussing the electronic proper-
ties, the extremely high density of states at the Fermi level
could lead to a charged ground state for V (V*) with a mag-
netic moment of 2ug.

As in GaAs, interstitial Mn in Ge provides high local
magnetic moment, but acts as a double donor, with carriers
belonging to the ¢, states. Therefore, the presence of Mn in
interstitial sites could be detrimental for carrier mediated fer-
romagnetism, since it would compensate the hole-doping ef-
fect of substitutional Mn. However, other configurations
should be considered, such as the presence of interacting
defects, in order to establish if other mechanisms might oc-
cur that would favor ferromagnetism, as recently shown in
GaAs.® The spin polarization of the Ge neighboring sites is
parallel to the one on the TM site. While neutral V impurities
might be unstable and V* doping would result in a very low
doping, Cr in interstitial sites is seen to provide rather high
local moment (larger than Mn) and 7, holes: however, its
tendency towards AFM alignment would result in a material
having a vanishing total magnetization and thus not suitable
for spintronic applications.

IV. CODOPING IN GE
A. Energetics and structural properties

One of the major problems that is presently hindering the
exploitation of DMS in technological devices is the low tem-
perature at which ferromagnetic order persists in these mate-
rials: controlled epitaxial growth techniques have been able
to raise the Curie temperature of (Ga,Mn)As up to 170 K,
which, however, is still too low to be appealing for techno-
logical applications. To this end, several different routes have
been investigated in order to (i) maximize Mn dilution into
the semiconductor host and (ii) to further increase the effec-

tive carrier number which appears to be very effective in
mediating the magnetic interaction. In this context, there
have been a few reports’>33 of simultaneous growth of Mn
with another TM in Ge, namely, Cr (Ref. 22) or Co.?3 While
in the former case an enhanced hole concentration was mea-
sured that could lead to a more efficient carrier mediated
ferromagnetism among Mn impurities,?? in the latter case,
Co was added to help solubility of Mn in the Ge matrix
thanks to a strain-relieving effect.>3 In both cases, the com-
prehension of the physical mechanisms driving the impuri-
ties localization as well as their energetical and magnetic
mutual interactions, is a necessary condition to achieve full
control of material design.

As a first step to investigate these mechanisms, we con-
sidered the low concentration limit—where only two TM
atoms are likely to be close to each other—and performed
calculations for two different TM impurities in a 64 atoms
Ge cell, both of them on substitutional sites, which we
showed to be those energetically favored for all the TM con-
sidered. The first TM atom was set at the cell origin, while
the other TM atom was considered on a second nearest
neighbor site of the Ge lattice and on the farthest site pos-
sible [i.e., the site at the a(1,1,1) position of the 64 atoms
cell]. In Table II we report the most significant results; in
particular, we indicate with AHf the heat of formation of the
two TM impurities in Ge, with Ay the energy difference
between the structure with the impurities far apart and the
one with the two TM substitutional impurities as next neigh-
bors, with A;;. the pairing energy calculated with respect to
the ideal Ge lattice and the sum of the total energies of the
two isolated TM impurities in a 64 atoms cell (as defined in
Ref. 43), with dyn.ge (drm.ge) the Mn (TM)-Ge distance,
and, finally, with u the magnetic moments on the respective
atomic sites, and g, the total magnetic moment per cell.
First of all, we note that the heat of formation for two TM
impurities in Ge is larger than twice the single impurity val-
ues for Cr, while it is lower for Mn and Co (roughly 0.2 and
0.4 eV/cell, for Mn and Co, respectively). In addition, in the
case of two different impurities, we find that the heat of
formation of (Mn,Cr) impurities is very close to the sum of
the corresponding heat of formation for the single impurities,
while for (Mn,Co) codoping we find a lower value
(0.30 eV/cell). Now we focus on the pairing energy for the
same TM impurity as reported on the first rows of Table II:
while in the case of chromium we find a tendency towards
large separations between the two impurities (A, is small
but positive), for Mn and Co we find the opposite trend.
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Thus, Cr doping should result in a more uniformly dilute
alloy than using Mn or Co doping: in these last two cases,
the system would more likely form regions with higher TM
concentration. Moreover, Cr would have AFM ordering
while Co and Mn would keep FM alignment. Finally, Co
doping is energetically favored over Mn and Cr and has the
same tendency to cluster as Mn. Cr doping, on the other hand
is energetically very expensive and shows the opposite trend:
two Cr impurities will not aggregate, due to the symmetry of
the e states involved and to their nonbonding character.*3

As we can see from Table II, the lattice relaxations are
almost identical to those calculated for the single impurities
(cf. Table I) even when the two TM atoms are next neighbors
showing that, indeed, the structural relaxation induced by the
substitution is very little affected by the TM-TM interaction:
the Ge-TM nearest neighbors distances are 2.40, 2.36, and
2.25 A to be compared with the isolated impurity results
2.40, 2.38, 2.27 A, for Cr, Mn, and Co, respectively.

We now discuss the cases of (Mn,Cr) and (Mn,Co) codop-
ing which has been experimentally realized. Comparing the
last two rows of Table II with the previous ones, we find that
simultaneous substitution of Ge with Mn and Cr is energeti-
cally favored if the two impurities are substituting on neigh-
boring fcc sites: that is, while Cr itself shows no tendency
towards clustering, Mn favors clustering with Cr. In all cases
considered, we find that the system gains energy if two TM
impurities are next neighbors: the Ag value, in fact, is
always negative. Moreover, while the Mn-Mn and Mn-Co
codoped structures are always ferromagnetic, the Mn-Cr sys-
tem has the AFM ground state separated by about
20 meV/cell from the FM one. It is interesting to observe
that the heat of formation for two different TM impurities
substituting on Ge sites is always lower than the heat of
formation of the two single impurities (cf. A, in Table II).
Thus, the tendency towards metal clustering, as observed in
GaA:s for the same TM (Ref. 43) persists in Ge (and probably
in other semiconductor compounds as well) for different TM
and is of the same order of magnitude as the one for similar
TM atomic species. Even in this case (see Table II) the lattice
relaxations are almost identical to those calculated for the
single impurities (cf. Table I).

B. Electronic and magnetic properties

The density of states projected on the relevant / channels
of the TM impurity sites and on the Ge atom bridging the
two impurity atoms are reported in Fig. 7 for (Mn,Cr) and
(Mn,Co) codoping. Comparing the [-projected density of
states for the codoped cases, Fig. 7, with those for the single
substitutional impurities (Fig. 4), we find rather large simi-
larities: essentially the dominant bonding mechanism is still
related to hybridization of #,-like states derived from the
TM-d and Ge-p orbitals. The bonding among d derived
states on different sites is hardly distinguishable on the
(Mn,Co) codoping case: only very small differences can be
observed comparing the /-projected density of states on the
different sites of Fig. 7 with the corresponding ones for the
isolated substitutional impurities (cf. Fig. 4). The interaction
among d-derived 7, states on different TM sites is mediated
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FIG. 7. Site projected density of states on the TM atoms (upper
and central panels) and the closest Ge site (lower panel) for the
codoped structures considered, (Mn,Co)Ge and (Mn,Cr)Ge on the
left-hand and right-hand panel, respectively. Positive (negative) val-
ues refer to up (down) spin component. The zero of the energy scale
is set at the Fermi level. Symbols as in the preceding figures.

by the Ge p-derived ¢, orbitals which characterizes the bond-
ing as in the single substitution case. On the other hand,
more relevant differences can be detected for the (Mn,Cr)
codoping case: recalling that the preferred magnetic align-
ment in this case is antiferromagnetic, we find that the
Mn-Cr bond is evidentiated by a peak close to the Fermi
level on the minority component which has dominant Mn-e
and Cr-1, character. A corresponding high p density of states
is also found on the Ge site bridging the Cr and Mn sites: the
Ge p states are in this case mediating a 7,-e hybridization.
Now, Cr would lead to a semiconducting behavior since its
localized e majority shell is filled and the antibonding ¢,
states are completely empty and pushed at higher energy:
this is indeed what happens in the Cr-Cr case where no en-
ergy is gained in bringing the two Cr in nearby fcc sites,
possibly forming new hybridized states. On the other hand,
since Mn has one more electron than Cr, the more delocal-
ized t, antibonding states are partially occupied: a new com-
bination of states is formed leading to a lower energy state.
Thus, Mn and Cr form new hybridized #,-e minority states,
thanks to mediation of the bridging Ge p states. This inter-
action leads to states below the Fermi level in the minority
component which lower the occupation of the Mn ¢, up an-
tibonding states and reduce its magnetic moment. The same
mechanism would not be energetically convenient for a
Mn-Mn interaction or Co-Co as well as Mn-Co, where the
system is forced to massively occupy the #, antibonding
states anyway, due to the larger total number of electrons. In
this case, in fact, the higher population of the majority 7,
antibonding states, leads to a slight magnetic moment en-
hancement: the tendency to cluster is strictly related to sta-
bilization of the magnetic interaction.

This simple picture fully accounts for the magnetic prop-
erties observed in the different systems: while the Mn-Mn,
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Co-Co, Cr-Cr, and Mn-Co systems show essentially the same
magnetic properties of the respective substitutional isolated
impurity cases, the Mn-Cr system show AFM alignment with
a reduced magnetic momoment on Mn (2.64u, to be com-
pared with 2.98 or 3.08 up for Mn-Mn and Mn-Co, respec-
tively).

Finally, we can now discuss the comparison, where pos-
sible, of our results with experimental findings. The struc-
tural results in Table II show that apparently the strain reliev-
ing effect invoked in the (Co,Mn) case’! should be
negligible: the local lattice distortions induced by the pres-
ence of two nearby impurities are the same as those due to
isolated impurities. However, we find that while two Mn
atoms or Co atoms would have the same rather strong ten-
dency towards clustering (their respective pairing energies
are very similar, cf. Table II), this tendency is reduced if we
mix Co and Mn (the pairing energy in this case is about
30 meV lower). Thus, codoping with Co and Mn would lead
to a more even distribution of TM impurities in the Ge host
matrix. Moreover, since the heat of formation between sub-
stitutional and interstitial sites of Mn isolated impurity is
much more similar than in Co, it could be reasonable to
expect that Mn would have more chances to occupy intersti-
tial sites than Co: in this last case, there could be an elastic
energy contribution since Mn interstitial would locally ex-
pand the lattice, while Co substitutional is expected to gen-
erate local bond compression. However, (Co, Mn) codoping
would end up with a lower total magnetic moment with re-
spect to a full Mn doping: the Co contribution to the total
magnetic moment is in fact negligible with respect to the one
coming from the Mn atoms.

As far as the (Cr, Mn) codoping is concerned, we find that
while Cr shows a tendency towards a more uniform distribu-
tion into the Ge lattice, Mn prefers to cluster. In this respect,
adding Cr while doping with Mn should favor a more uni-

PHYSICAL REVIEW B 73, 035212 (2006)

form TM impurities distribution [the (Cr,Mn) pairing energy
is rather low]; however, Cr orders antiferromagnetically and
reduces the Mn magnetic moment, thus lowering the total
Mn contribution. This is in agreement with the experimental
findings?> which found a depression of both magnetization
and Curie temperature upon doping with Cr at fixed Mn
concentration.

V. CONCLUSIONS

A complete and detailed study of neutral TM impurities in
Ge was presented; for all the 3d TM series we studied the
structural, electronic, and magnetic properties for substitu-
tional and interstitial sites. A simple analysis in terms of
combination of atomic orbitals and electron counting was
shown to be very helpful to understand the magnetic proper-
ties of the different systems. We showed that Mn in Ge is
expected to be the most promising magnetic impurity to ob-
tain spintronic materials, since it is able to ensure the desired
ferromagnetic alignment and high magnetic moment. We
also studied in detail the tendency towards clustering and the
consequent electronic and magnetic properties for two sub-
stitutional impurities of the same or different atomic species.
We find that while Mn impurities show a tendency to cluster,
the presence of Co and overall Cr could favor a more uni-
form TM impurity distribution. However, both Co and Cr
result to be far less efficient than Mn in promoting ferromag-
netic alignment and high magnetic moment.
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